The unsteady organization and evolution of coherent structures within the turbulent boundary layer and subsequent wake of the sharp symmetric trailing edge of a NACA0012 aerofoil are investigated. The experiments are conducted in an open testsection wind tunnel at Re c = 386 000 based on the aerofoil chord and Re θ = 1300 based on the boundary layer momentum thickness. An initial characterization of the flow field using two-component particle image velocimetry (PIV) is followed by the investigation of the unsteady organization and evolution of coherent structures by time-resolved three-dimensional PIV based on a tomographic approach (Tomo-PIV). The inspection of the turbulent boundary layer prior to the trailing edge in the region between 0.15 and 0.8 δ 99 demonstrated streaks of low-and high-speed flow, while the low-speed streaks are observed to be more coherent along with strong interaction with hairpin-type vortical structures similar to a turbulent boundary layer at zero pressure gradient. The wake region demonstrated gradual deterioration of both the low-and the high-speed streaks with downstream progress. However, the low-speed streaks are observed to lose their coherence at a faster rate relative to the high-speed streaks as the turbulent flow develops towards the far wake. The weakening of the low-speed streaks is due to the disappearance of the viscous sublayer after the trailing edge and gradual mixing through the transport of the remaining low-speed flow towards the free stream. This transport of low-speed flow is performed by the ejection events induced by the hairpin vortices as they also persist into the developing wake. The higher persistence of the high-speed streaks is associated with counter-hairpin vortical activities as they oppose the deterioration of the high-speed streaks by frequently sweeping the high-speed flow towards the wake centreline. These vortical structures are regarded as counter-hairpin vortices as they exhibit opposite characteristics relative to the hairpin vortices of a turbulent boundary layer. They are topologically similar to the hairpins as they appear to be U-shaped but with inverted orientation, as the spanwise portion is in the vicinity of the wake centreline and the legs are inclined at an approximately 60
Introduction
Turbulent flow around the trailing edge is considered thoroughly in the design of the wings, high-lift devices and engine fans of aircraft. The fluctuations within the turbulent flow of the trailing-edge wake affect the pressure distribution around the aerofoil and result in unsteady loads and structural vibrations (Sharland 1964; Hebbar 1986 ). The high-lift devices of the aircraft wing are influenced by the trailing-edge design, as they interact with the wake of the main aerofoil element (Tummers 1999) . It is also known that the prominent problem of trailing-edge noise, which includes the noise of the wing, high-lift devices, blades and the outlet guide vanes of the aircraft engine (Brouwer & Rienstra 2008) , is due to the acoustic noise scattering of the turbulent fluctuations in the vicinity of the trailing edge (Ffowcs Williams & Hall 1970) .
The trailing-edge noise can consist of both tonal and broadband emissions (Brooks & Hodgson 1981) . The tonal contribution is due to the vortex shedding by a separated boundary layer or a blunt trailing edge (Brooks, Pope & Marcolini 1989) or is caused by a self-excited acoustic feedback loop in the case of a laminar boundary layer (Tam 1974; Nash, Lowson & McAlpine 1999) . The fluid mechanic aspects of the vortex shedding phenomenon and suppression methods through aerodynamic design principles and optimization algorithms have been extensively covered in the related literature (Wygnanski, Champagne & Marsali 1986; Williamson 1996; Marsden et al. 2007) . On the other hand, the broadband noise is associated with a non-periodic wake and is dominant at high Reynolds numbers, which are more prevalent for large transport aircraft (Nash et al. 1999) . It is generated over a wide range of frequencies as a result of acoustic scattering emanating from the sudden distortion of vortical structures of different length scales (Sandberg & Sandham 2008; Finez et al. 2010) . The rapid distortion of vortices is in response to the abrupt pressure release and the non-equilibrium state immediately downstream of the trailing edge as a result of the geometric truncation. The contributing turbulent aspects are complex and linked to the turbulent boundary layer upstream of the trailing edge.
The unsteady organization of a turbulent boundary layer is modelled by the combination of a set of coherent structures known as the hairpin vortex signature (Adrian, Meinhart & Tomkins 2000) . The vortical structures within this model are the hairpin vortices and the accompanying quasi-streamwise vortices that induce a focused ejection of the viscously retarded flow away from the wall vicinity (Blackwelder & Eckelmann 1979; Head & Bandyopadhyay 1981) . The ejection events are the major contributor to the Reynolds shear stress above y + = 12 (Wallace, Eckelmann & Brodkey 1972) . They lift the low-speed streaks and vorticity away from the wall Counter-hairpin vortices in turbulent wake of sharp trailing edge 319 and sustain the turbulence production (Kline et al. 1967) . In the outboard region of the hairpin vortices, an unfocused induction forms a downward sweep event above the high-speed streaks (Adrian & Liu 2002) transporting high-speed fluid towards the wall, enhancing drag and heat transfer (Schoppa & Hussain 2000) . In a trailing-edge scenario, this complex mechanism of generation and transport of turbulence in the boundary layer should adapt to the boundary-free condition of the wake region. This evolution of the coherent structures of the turbulent boundary layer into an isotropic state is of fundamental importance, and some aspects of it have been tackled by Hamelin & Alving (1996) and Morris & Foss (2003) .
The genesis of the hairpin vortices of a turbulent boundary layer either through the instability of the low-speed streaks (Schoppa & Hussain 2000) or an induction mechanism of an already existing vortex (Zhou et al. 1999) has been a long-standing question. Investigation of the immediate wake region also offers the possibility to study the evolution of the hairpin structures after the disappearance of the solid wall and the viscous sublayer. Formation of new vortical structures in the immediate wake region is also possible due to the new boundary condition. The immediate wake region is distinguished from the upstream boundary layer as the proposed models for wall-bounded flows are not adequate for this non-equilibrium region, and as a result the turbulent wake has drawn the attention of a different body of literature.
The early literature on the wake of a streamlined non-lifting body starts with Chevray & Kovasznay (1969) , who explored the turbulent wake of a thin flat plate using hot-wire anemometry and verified the absence of the large-scale periodic structures often observed in the wake of two-dimensional blunt bodies and mixing layers. Andreopoulos & Bradshaw (1980) applied temperature-conditioned sampling and observed a region of small-scale mixing in the vicinity of the wake centreline splitting two layers of unmixed fluid. This small-scale mixing is in contrast to the time-sharing process of large eddies occurring in interacting shear layers within ducts and jets (Dean & Bradshaw 1976) . Ramaprian, Patel & Sastry (1982) conducted hotwire measurements in the wake of a smooth flat plate and statistically characterized different regions of the wake. Hot-wire measurements of Hebbar (1986) showed an overshoot in the streamwise profiles of mean-flow parameters and in the peak values of Reynolds stresses in the immediate wake of a symmetric aerofoil. Hayakawa & Iida (1992) ascribed this overshoot in turbulence intensity to direct interaction of intense wall turbulence emerging from both sides of the flat plate. Bogucz & Walker (1988) analysed the wake flow at a sharp trailing edge in the limit of infinite Reynolds number and provided an analytical representation of the experimental data in the near wake. To the authors' knowledge, only Haji-Haidari & Smith (1988) have visualized the flow structure of the near wake of a flat plate, using a hydrogen bubble technique, and identified instantaneous stretching of streamwise vortices and their organization. They speculated that streamwise vortices along with inrush of fluid from both sides of the plate play a major role in the mixing process. Nakayama & Liu (1990) studied the effect of variation in Reynolds number, and concluded that the larger eddies of the outer layer modulate the small eddies of the centreline region. These studies have explored the statistics of the turbulent fluctuations and the relative scale of the vortical structures, but the type of the coherent structures causing the small-scale mixing is unclear. This is partially due to the repeated use of a single-point measurement technique (hot-wire anemometer).
The turbulent wake of a symmetric sharp trailing edge is classified into several regions as illustrated in figure 1. The inner layer is a region of mixing along the centreline in between the two boundary layers, which initiates at the trailing edge 320 S. Ghaemi and F. Scarano and widens as it progresses downstream. The vortical structures within the inner layer perform the mixing process and have been referred to as 'fine scale' by Andreopoulos & Bradshaw (1980) . Haji-Haidari & Smith (1988) reported dominantly streamwise structures associated with an inward motion of fluid towards the wake centreline to be active within this region. These fine-scale vortical structures rapidly increase the velocity of the inner layer profile beyond that of the initial boundary layer and promote the recovery of the wake deficit; however, their kinematics and dynamics are still unclear. The instantaneous boundaries of the inner wake are highly sinuous in shape, resulting in a 14 % probability of the unmixed fluid passing across the wake centreline (Andreopoulos & Bradshaw 1980) . The outer layer is initially unperturbed by the disappearance of the wall and remains similar to the initial boundary layer profile till about 25θ 0 (θ 0 is momentum thickness) downstream of the trailing edge according to Ramaprian et al. (1982) or 270λ
is the wall unit) according to Haji-Haidari & Smith (1988) . The reported limits depend on the Reynolds number; however, beyond those the mean velocity in the outer layer begins to reduce and the velocity profile gradually widens. This outer layer mixing is performed by intermittency between the mixed and unmixed fluid rather than the fine-scale structures as described by Andreopoulos & Bradshaw (1980) .
The classification of the wake along the centreline starts with the near wake region where small-scale mixing occurs in the inner layer while the outer layer is still unperturbed and consists of unmixed fluid until a downstream location of x + ∼ 270 (Haji-Haidari & Smith 1988) . The near wake is characterized by the fastest growth rate of the wake width and the fastest decay of the velocity defect. The initial region of the near wake (0 < x + < 15) is affected by the trailing-edge thickness and the viscous-sublayer interaction, encompassing a small unsteady bubble of stagnant flow. Consequently, small counter-rotating vortical structures are formed, which are reported to be similar to those seen in a Kármán vortex street (Miau & Karlsson 1987) . This vortex shedding process exhibits highly viscous behaviour and results in an initial linear increase of the time-averaged centreline velocity similar to the velocity trend in the sublayer of a turbulent boundary layer. An immediate change in the flow parameters such as momentum thickness and friction velocity is also reported (Ramaprian et al. 1982) . The shedding process is damped rapidly and the rest of the near wake 15 < x + < 270 is non-periodic and dominated by the fine-scale activities of the inner layer (Haji-Haidari & Smith 1988) . In this region, the initial linear trend of the wake centreline velocity undergoes a transitional region similar to the buffer layer of a turbulent boundary layer. The change in the flow structures from the initial viscosity-dominated behaviour to the turbulence-dominated mixing in the rest of the near wake can be investigated and compared to that of a turbulent boundary layer.
The intermediate wake region initiates once the fine-scale mixing of the near wake has spread beyond the inner layers of the two initial boundary layer profiles. In this region, the large eddies in the outer parts of the two boundary layers start to take part in the wake development process, resulting in a gradual exchange of the innerlayer scales to the outer-layer parameters such as wake half-width. The modulation of the small eddies of the centreline region by the larger eddies of the outer layer observed by Nakayama & Liu (1990) can be a part of this conversion process, so that its detailed mechanism requires further investigation. The mixed-fluid contribution within the intermediate wake comprises a transport of turbulent energy away from the centreline while the unmixed-fluid contribution implies a transport of turbulent energy towards the centreline (Andreopoulos & Bradshaw 1980) . To the authors' knowledge, the vortical structures providing the means of these opposite transport processes have
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not been yet identified. The intermediate wake is identified by the logarithmic increase of the time-averaged centreline velocity (Haji-Haidari & Smith 1988 ) and extends from 25θ 0 to 350θ 0 according to Ramaprian et al. (1982) . The growth rate of the wake width and the decay rate of the centreline defect are slower than both the near wake (x < 25θ 0 ) and the following far wake (x > 350θ 0 ). The near wake and the intermediate wake form the developing wake region, which is covered in this work.
The asymptotic state or the far wake follows the developing wake region once the mixing process between the two boundary layers is completed. At this downstream location, an asymptotic state is reached and the structural parameters change from values typical of a boundary layer or near wake to values typical of a self-preserving far wake (Andreopoulos & Bradshaw 1980) . The asymptotic state is reached at quite large distances (x > 350θ 0 ) from the trailing edge where the growth rates are well predicted by classical fully developed far-wake analysis and simple turbulence models such as constant eddy viscosity (Ramaprian et al. 1982) .
The current work aims to tackle the detailed flow physics in the developing wake of the sharp trailing edge of a non-lifting aerofoil. Specifically, the work is conducted to identify the unsteady organization of the coherent flow structures in the wake region along with their evolution from the initial organization of the upstream turbulent boundary layer. The results will shed light on the response of the coherent structures of a turbulent boundary layer as a result of change in the boundary condition and also elucidates the mixing process in the turbulent wake of a sharp trailing edge. The identified coherent structures of the wake region should satisfy the observations of the previous literature.
(i) The profiles of statistical quantities of the wake such as the mean and fluctuating velocity have similar trend with respect to the turbulent boundary layer prior to the trailing edge (Haji-Haidari & Smith 1988) . The length scales available in the turbulent boundary layer and the subsequent wake are also of the same order of magnitude. This suggests that the coherent structures of the wake region should have certain similarities to the structures of the upstream boundary layer. (ii) The net transport of momentum within the wake region is oriented towards the wake centreline in order to recover the wake deficit (Andreopoulos & Bradshaw 1980) . This is in contrast to a fully developed turbulent boundary layer as it is dominated by ejection events that transport momentum away from the wall vicinity resulting in further growth of the boundary layer thickness. Therefore, the vortical structures that carry out the transport of momentum within the wake region act in an opposite direction to those of the turbulent boundary layer. (iii) The production of turbulence persists downstream of the trailing edge as there is considerable u and v correlation in this region (Andreopoulos & Bradshaw 1980) . This indicates that the dominant coherent structures in the wake region contribute to u and v correlation and production of Reynolds shear stress. (iv) The existence of the logarithmic trend along the wake centreline in the intermediate wake region (Haji-Haidari & Smith 1988) suggests the possibility of the existence of self-similar structures with a hierarchy of length scales in this region.
The difficulties in identifying the spatio-temporal organization of the coherent structures are overcome in this work by applying state-of-the-art time-resolved tomographic particle image velocimetry (Tomo-PIV), which is a three-dimensional extension of standard PIV (Elsinga et al. 2006 organization of the turbulent structures, and has been previously applied to investigate different flow fields. Schröder et al. (2008) have conducted a study of coherent structures within a turbulent boundary layer using a time-resolved Tomo-PIV system and observed the low-speed streaks and hairpin-like vortical structures. Humble, Elsinga, Scarano & Van Oudheusden (2009) have proposed a conceptual model of the three-dimensional unsteady flow organization of a shock wave/turbulent boundary layer interaction from Tomo-PIV measurement. This measurement technique has been further applied by Elsinga et al. (2010) to characterize the hairpin vortices of a supersonic turbulent boundary layer. The vortex organization in the wake of a cylinder has also been investigated using the Tomo-PIV technique by Scarano & Poelma (2009) . The three-dimensional velocity information obtained from the Tomo-PIV experiment is used in this work to investigate the turbulent boundary layer and the subsequent wake of a symmetric sharp trailing edge. The methodology of this investigation, consisting of the experimental facility, the measurement and the analysis techniques, are detailed in § 2. The statistical properties of the turbulent boundary layer and the following wake are scrutinized in § 3, which is followed by a study of the unsteady organization of the coherent structures of these regions in § 4. The temporal evolution of the flow structures over the trailing edge are investigated in § 5. Finally, a discussion on the coherent structures of the wake region and their role in the development of the wake is provided in § 6. 
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The experiments were carried out on a NACA0012 aerofoil manufactured in aluminium by automated milling. The original NACA0012 of C = 0.4 m chord length and 14
• total angle at the trailing edge has been modified by extending the trailing edge 4 mm in the chordwise direction to reduce the trailing-edge thickness to h = 0.2 mm in order to mitigate vortex shedding. The aerofoil was installed at zero angle of attack spanning the entire test section. The laminar to turbulent transition of the boundary layers on both sides of the aerofoil were forced with a zig-zag strip, to ensure spanwise uniform boundary layer properties. The zig-zag element is 0.5 mm thick with a pitch of 6 mm and was located at 0.25C from the aerofoil leading edge.
At a free stream velocity of U ∞ = 14 m s −1
, the chord-based Reynolds number is Re c = 386 000 and that based on momentum thickness is approximately Re θ = 1300 at the trailing edge. The latter ensures a stable turbulent boundary layer at the aerofoil trailing edge while enabling a time-resolved measurement. Two coordinate systems as shown in figure 2 compatible with the boundary layer and the wake are used in this work. The s-n plane of the boundary layer coordinate system is attached to the aerofoil surface, while the x-y plane follows the wake orientation.
The characteristics of the boundary layer at an upstream location of the trailing edge (s = −20 mm) and also at the trailing-edge location are presented in table 1. The data are obtained by two-component particle image velocimetry (2C-PIV) measurement and are processed through an algorithm using the average of correlation maps as detailed in the next section. The boundary layer thickness (δ 99 ), the displacement thickness (δ * ) and the momentum thickness (θ ) increase as the flow approaches the trailing edge. It is verified that the trailing edge can be considered 'sharp' as the h/δ * = 0.09 at the trailing edge is smaller than the 0.3 limit suggested by Blake (1986) . The momentum thickness (θ 0 = 1.7 mm) and other parameters at the trailing edge (s = 0) are used in this work to obtain non-dimensional coordinates.
The shape factor at the s = −20 mm location is H = 1.57, which is close to the recorded value of H = 1.6 by Haji-Haidari & Smith (1988) for a flat plate of 8
• included angle at the trailing edge and H = 1.54 by Hebbar (1986) for an included angle of 19
• . The investigations using models with smaller thickness and included angle at the trailing edge have recorded lower values of shape factor. Ramaprian et al. (1982) have measured H = 1.29 for a flat plate of 1.8
• trailing-edge included angle and Andreopoulos & Bradshaw (1980) measured H = 1.38 for a flat plate of 3.5
• trailing-edge included angle. The difference is due to the higher pressure gradient caused by the trailing-edge taper.
An estimation of the smallest and largest scales of the coherent structures within the turbulent boundary layer is necessary to design and evaluate the measurement system. The smallest coherent structures that have a lifetime long enough to contribute to statistics have a diameter of approximately 20 times the wall units (20λ + ), which is approximately 600 µm at s = −20 mm location (Stanislas, Perret & Foucaut 2008) . The largest structures in a turbulent boundary layer that are considered to be resolved here are the hairpin packets or the large-scale motions (LSMs) with typical maximum streamwise extent of 3δ (Adrian et al. 2000; Guala, Hommema & Adrian 2006) , equivalent to approximately 30 mm in the present experiment. Therefore, in the current experiment the size ratio of the LSMs to the smallest coherent structures is W str = 50, which should be satisfied by the dynamic range of the measurement system (Herpin et al. 2008 2.2. Two-component particle image velocimetry A 2C-PIV system has been applied to investigate the turbulent statistics and the twodimensional structure of the flow field. This measurement system has been repeatedly used for characterization of vortical structures in different experiments investigating turbulent boundary layers (e.g. Adrian et al. 2000; Stanislas et al. 2008) .
The required illumination for the PIV experiment is provided by a Quantronix Darwin-Duo laser system with average output of 80 W and 2 mJ × 13 mJ per pulse energy at 3 kHz operation frequency (527 nm wavelength). The laser beam diameter is 3 mm at the output and has a pulse width of approximately 150 ns. A laser sheet of approximately 1 mm thickness was formed by a combination of two spherical lenses of f = +200 and −150 mm focal length and a cylindrical lens of f = −80 mm. A Photron Fast CAM SA1 with a 12-bit complementary metal-oxide-semiconductor sensor of 1024 × 1024 pixels (pixel pitch 20 µm) was used to image the illuminated region. The camera was equipped with a Nikon objective of f = 105 mm focal length set to an aperture of f /2.8. The plane of focus was slightly offset with respect to the illumination plane (defocusing) to obtain a blurred spot spanning approximately two pixels, which mitigates bias errors associated with pixel locking (Westerweel 1997) . Global seeding of the test section was conducted with 1 µm droplets generated using a SAFEX smoke generator placed in the plenum of the wind tunnel.
The 2C-PIV measurements were conducted over a wall-normal streamwise field of view (FOV) of 52.3 mm × 52.3 mm. Ensembles of 1000 double-frame recordings with 42 µs pulse separation at acquisition frequency of 100 Hz have been acquired for statistical investigation corresponding to an integration time of 10 s. The images have been processed using the LaVision software Davis 7.4 with two different methods for the mean velocity profiles and the turbulent fluctuations. The velocity profiles are obtained by averaging the cross-correlation maps over the available ensemble of recordings in order to enhance the convergence of the statistics (Meinhart, Wereley & Santiago 2000) . This method increases the signal-to-noise ratio especially in the high-velocity-gradient region close to the wall, making it feasible to use interrogation windows of 6 × 6 pixels with 75 % overlap for statistical evaluation. The system parameters are shown in table 2. The spatial dynamic range (SDR) of this configuration in the streamwise direction is 85 if the smallest resolvable spatial variation is considered to be twice the size of the interrogation window. The high 
Tomographic particle image velocimetry
The Tomo-PIV system provides quantitative flow visualization to assess the threedimensional characteristics of the coherent structures in the flow field. This measurement method is a three-dimensional extension of planar (stereoscopic) PIV and was developed by Elsinga et al. (2006) . The illuminated volume in a Tomo-PIV experiment is simultaneously imaged from several viewing directions (typically three to six). A target calibration is initially conducted to establish the first estimation of the relation between the image coordinates and the physical space. The calibration errors are further reduced to a fraction of a pixel using the self-calibration method (Wieneke 2008) . The images are then processed by the multiplicative algebraic reconstruction technique (MART) algorithm (Herman & Lent 1976) to reconstruct the three-dimensional light intensity distribution. Finally, a three-dimensional crosscorrelation with multigrid, iterative volume deformation (VODIM; Scarano & Poelma 2009 ) is applied to the reconstructed particle distribution of two subsequent exposures to obtain the instantaneous velocity field.
The Tomo-PIV measurement system consists of the same base equipment (laser, cameras, lens objective, particle generator) as the 2C-PIV system. The higher light demand of the Tomo-PIV experiment was fulfilled using a multi-pass light amplification system. The system illuminated a measurement volume of 8 mm thickness (y direction) and 50 mm width (x or s direction) by successive reflections of the initial laser beam in between two mirrors. A schematic drawing of the illumination systems is shown in figure 3 . This multi-pass light amplification was first applied in Tomo-PIV experiments by Schröder et al. (2008) and a detailed description is given by Ghaemi & Scarano (2010) .
The imaging system consists of four Photron Fast CAM cameras aligned along the wall-normal spanwise plane with respect to the aerofoil, as illustrated in figure 3.
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S. Ghaemi and F. Scarano Cameras 1 and 4 are inclined at 40
• , and cameras 2 and 3 have 15
• angle with respect to the wall-normal direction. The cameras are equipped with Scheimpflug adapters and 105 mm objectives. The aperture of the two side cameras (1 and 4) is set to f /22 while the two middle cameras (2 and 3) image at f /16. This aperture setting compensates for the differences in scattered light towards the four cameras, yet bounding the illuminated volume within the depth of focus of each camera. The four cameras and the laser have been synchronized to record double-frame images with a 42 µs laser pulse separation at 100 and 2700 Hz using a high speed controller (LaVision). The illumination volume has been seeded with the 1 µm droplets to obtain a concentration of 4 particles mm
, resulting in a source density of approximately 0.065 particles per pixel in the images corresponding to the measurement volume of 47 mm × 47 mm × 8 mm.
The data analysis associated with the Tomo-PIV technique has been conducted by Davis 7.4 on an eight-core personal computer. The images were preprocessed by subtracting the minimum value of each pixel along the sequence. Subsequently, the residual background intensity is removed by subtracting the sliding minimum with kernel of 31 pixels. The image intensity was normalized by the average over a kernel of 51 pixels. The reconstructed volume dimensions in streamwise (x), spanwise (z) and wall-normal (y) coordinates were 47 mm × 47 mm × 8 mm, which was discretized at 22 voxels mm 
Pattern recognition analysis
The detection of relevant features exhibiting certain characteristics is performed by means of pattern recognition analysis (PRA). The approach follows that used by Ferré & Giralt (1989) and later modified for PIV measurements by Scarano, Benocci & Riethmuller (1999) . The working principle relies on the choice of an indicator function and on the formulation of a spatial template. For this purpose, a priori knowledge about the flow properties is required from a preliminary evaluation of the measurements. The inspection returns hairpin-like vortices in the turbulent boundary layer before the trailing edge as shown in the remainder. The hairpins are best visualized by making use of the Q-criterion (Hunt, Wray & Moin 1988 ) based on the second eigenvalue of the velocity gradient tensor. Moreover, the hairpins are associated with a strong ejection events (Q2 in the quadrant splitting scheme introduced by Wallace et al. (1972) ). Therefore, here a second indicator function is also applied as uv < 0 while u < 0 and v > 0 to detect the ejection events. In this work, the PRA technique is merely applied to obtain an ensemble average of the detected structures. The technique is not aimed at proving the existence of a specific group of turbulent structures since the result can be biased to the choice of the indicator function.
The spatial template follows an arc-like vortex pattern inclined with respect to the wall-normal direction. The main parameters governing the topology are the width g between the legs and the height h indicated in figure 4. The hairpin width is reported by Head & Bandyopadhyay (1981) to lie in the range of g = 10-100 also consistent with the typical width of the low-speed streaks. From the observations, it emerges that the vortex axis in the head region has a significant flatness, which is evaluated with a fourth-order polynomial for the vortex line. In the case of the coherent structure within the boundary layer, the algorithm applies a reference hairpin shape and the embedded ejection event as the detection criterion. The curve describing the vortex line topology is given by
where the constant a depends on the boundary layer scale and in this case is set to a = 5 mm 3 (equivalent to (167 + ) 3 ). The angle α is the orientation of the hairpin structure with respect to the streamwise direction and is selected as α = 60
• . As the boundary layer prior to the trailing edge is subject to an adverse pressure gradient, the choice of the inclination angle is based on visual inspection of sample hairpin vortices and is higher than the 45
• reported for fully developed boundary layers under zero pressure gradient (Head & Bandyopadhyay 1981) . The embedded ejection event is generated by applying −uv/U ∞ = 0.01 (satisfying u < 0 and v > 0) within an ellipsoid defined by
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The constants are set as α x = 1.5 mm (50 + ), α y = 3.5 mm (117 + ) and α z = 3.5 mm (117 + ). The spatial pattern of the template is shown in figure 4(a) by means of iso-surfaces of Q = 1 × 10 6 s −2 and −uv/U ∞ = 0.008. The indicator function for the wake region is considered as the combination of a counter-hairpin vortex that has a reverse topology with respect to the hairpin vortex and encloses a sweep event −uv/U ∞ = 0.008 (satisfying u > 0 and v < 0). This indicator is anticipated by visual inspection of the Tomo-PIV snapshot, which is followed by verification through the algorithm. The selection of the counter-hairpin vortex will be discussed in detail in § 4.2.
The three-dimensional spatial cross-correlation function is evaluated between the chosen detector and the scalar field of Q. The operation is similarly made for the distribution of uv. A single detection criterion C H is obtained by multiplication of the two correlation coefficients, C Q and C v . The detection condition for structures of significant strength is C H > 0.1, with a minimum width of the correlation peak of five grid nodes.
The conditional averaged structural properties of the hairpin and counter-hairpin events are based on the ensemble of the detected events after aligning them to the closest grid node. The ensemble-averaged structure may also be taken as a new reference template for further iterations in the detection algorithm (Ferré & Giralt 1989) . In the present study, however, further iterations do not appear to bring significant differences in the structure of the ensemble-averaged hairpin.
Statistical analysis
3.1. Boundary layer and wake recovery The slight adverse pressure gradient prior to the trailing edge of NACA0012 results in an increase of the boundary layer thickness as the flow approaches the trailing edge, as observed in the velocity profile of figure 5(a). The profile at s/θ 0 = −12 is shown for both the upper and lower surfaces, indicating the symmetry of the mean flow. The log layer is observed to have a higher slope in comparison to a fully developed boundary layer in the semi-logarithmic plot of figure 5(b). This difference has also been observed closely upstream of the trailing edge in the boundary layer profiles of Haji-Haidari & Smith (1988) and Sagrado, Hynes & Hodson (2006) and ascribed to the non-equilibrium of the boundary layer in the vicinity of the trailing edge.
The recovery of the average velocity profile across the wake region is shown in figure 6(a) . The large deficit of the inner wake observed at x/θ 0 = 0.3 is filled to a large extent within the first few θ 0 of the wake development, while the change in the outer layer is negligible, indicating that the mixing process is confined to the inner layer. The delayed response of the outer layer to the recovery of the inner layer deficit is also observed in the velocity profiles of Hamelin & Alving (1996) . The centreline velocity at x/θ 0 = 3.5 is 0.4U ∞ while the outer layer is almost unchanged, exhibiting the characteristics of the near wake region. At x/θ 0 > 5 the velocity profile at the outer layer of the wake also starts to increase, which is due to the curvature of the streamlines in the vicinity of the trailing edge. At x/θ 0 = 12 and 24 both the inner layer and the outer layer profiles have developed towards the equilibrium condition of the far field. The lower half of the wake profile at x/θ 0 = 12 reveals the wake symmetry.
The boundaries of different wake regions can be more accurately identified from a semi-logarithmic plot of the wake centreline velocity as shown in figure 6(b) . The inner scaling of this plot is based on the viscous length scale along the wake , while dark grey and yellow (light grey) iso-surfaces, respectively, indicate an ejection event (u < 0 and v > 0) and a sweep event (u > 0 and v < 0), both of −uv/U 2 ∞ = 0.008 strength. centreline, which is equal to λ + = 93 µm. The centreline velocity exhibits a linear behaviour immediately after the trailing edge till x + < 15, similar to the viscous sublayer of a turbulent boundary layer. The linear region is followed by a buffer interval where a transition towards logarithmic behaviour is observed. The latter begins at x + = 50 and extends through the rest of the measurement domain. Different boundaries have been suggested for the wake regions in previous literature (Ramaprian et al. 1982; Hebbar 1986; Haji-Haidari & Smith 1988 ). The discrepancy is due to the fact that the scaled centreline velocity depends on the Reynolds number, as the large eddies of the outer layer influence the small-scale mixing within the inner layer (Nakayama & Liu 1990) .
The qualitative similarity of the semi-logarithmic plot across the boundary layer and along the wake centreline requires further attention. The initial linear relation is due to the viscosity-dominated flow in both the near-wall region (viscous sublayer) and also in the immediate wake of the trailing edge. The instantaneous velocity fields of the near wake show two viscous sublayers of the lower and upper surface boundary layers merging at the trailing edge and forming a slightly oscillating laminar wake, as illustrated in figure 1. In a turbulent boundary layer, the logarithmic portion represents a time-averaged contribution of self-similar structures retaining a linear variation of length scale (Adrian et al. 2000) ; mostly hairpin vortices form a hierarchy of different FIGURE 5. (Colour online) The average velocity profile in the boundary layer prior to the trailing edge in (a) linear and (b) semi-log scale. The linear fit to the sublayer and the logarithmic fit to the log layer is also shown. The lower logarithmic fit corresponds to a fully developed turbulent boundary layer at zero pressure gradient (White 1974 ). sizes as a result of the stretching imposed by the mean shear across the boundary layer (Adrian 2007) . The existence of the logarithmic trend along the wake centreline also indicates the possibility of self-similar behaviour in the intermediate wake region, as will be discussed in § 6. The maximum in all the profiles corresponds to a turbulence intensity peak at the buffer layer. The shear stress uv is mainly associated with ejection events induced by hairpin vortices (Wallace et al. 1972) . The behaviours of u 2 , v 2 and uv at x/θ 0 = 12 of the wake region in figure 7(b) resembles those of the upstream turbulent boundary layer with approximately the same intensity. The maximum of uv is at y/θ 0 ≈ 3; consequently, the net force exerted by the Reynolds shear stress, d(−ρ uv )/dy, is negative and uniform above this point and positive below it. While the negative force of the outer layer decelerates the mean velocity, the positive force of the inner wake accelerates the flow and acts to fill the velocity deficit at the wake centreline. The disappearance of the wall results in rapid intensification of the v 2 fluctuations (close to the centreline) in comparison to the upstream turbulent boundary layer. The near-wall peak in the u 2 profile of the boundary layer has also vanished in the wake since the high gradient of the near-wall velocity profile has been recovered within a few θ 0 from the trailing edge (see figure 6a) . A similar behaviour is observed in the measurements of Hamelin & Alving (1996) after removing the mean shear from the wall vicinity. At x/θ 0 = 12 and on the centreline, u The direction of transport of turbulent kinetic energy by velocity fluctuations before and after the trailing edge is investigated using the triple products as shown in figure 8(a,b) , respectively. The negative values of u Although the ensemble of the triple products does not verify that u < 0 and v > 0 occur simultaneously, it is known that they are associated with ejection events within the turbulent boundary layer (Corino & Brodkey 1969) . The triple products of turbulent fluctuations in the developing wake location at x/θ 0 = 12 in figure 8(b) show a similar behaviour, i.e. u < 0 and v > 0, only within the outer wake region (y/θ 0 > 3). Therefore, the ejection events of the turbulent boundary layer further persist into the outer layer of the wake and dominate the transport of turbulent kinetic energy. Instead, in the inner wake (y/θ 0 > 3) an opposite trend is observed. Positive u Andreopoulos & Bradshaw (1980) . If these u and v fluctuations are correlated, they form a sweep event, which was also observed as inrushes of flow towards the wake centreline by the hydrogen bubble visualization of Haji-Haidari & Smith (1988) . Andreopoulos & Bradshaw (1980) have demonstrated using temperature-conditioned sampling that the sweep events transport unmixed fluid of the incoming turbulent boundary layers towards the centreline.
Production and transport of turbulence
In a turbulent boundary layer, a burst sequence of strong ejections transports mass away from the wall, resulting in further growth of the boundary layer thickness (Tardu 1995) . This outward mass transfer is partially compensated by sweep motions of longer duration towards the wall. The result of these two events is a correlation of u and v and consequently strong production of turbulence, which further dissipates in turbulent bulges (Carlier & Stanislas 2005) . Contrary to the turbulent boundary layer where the ejections dominate, the triple products demonstrated that within the 334 S. Ghaemi and F. Scarano inner wake region the sweep events have a major contribution in the transport of turbulent kinetic energy. A detailed quadrant analysis is proposed to further explore the statistical occurrence of u and v fluctuations within the wake region in comparison to the turbulent boundary layer and verify their correlation.
Ejection and sweep events
The quadrant splitting identifies the contribution of the ejection and sweep events to the total mean values of kinetic energy and Reynolds stress. The u and v within the boundary layer demonstrate coexistence of ejection (Q2 quadrant) and sweep (Q4 quadrant) events at different heights within the log layer of the boundary layer, as shown in figure 9(a-c) . The contribution of the sweep events to turbulence production decreases on moving away from the wall and the ejections become dominant at the interface of the bulges. Along the wake centreline the major correlation between the u and v fluctuations is observed as sweep events occupying both Q4 and Q1 quadrants of figure 9(d-f ) since they are generated by both sides of the wake centreline. The Q4 sweep events transport the unmixed flow (Andreopoulos & Bradshaw 1980) of the upper turbulent boundary layer (y > 0) downwards to the wake centreline, while the Q1 transport the unmixed flow of the lower boundary layer (y < 0) up towards the centreline. The ejection events along the centreline are fewer in number and weaker in strength. Therefore, the sweep events dominate and transport the unmixed fluid into the inner layer, enhancing the recovery of the wake deficit. The quadrant splitting in the outer layer of the wake is similar to the upstream turbulent boundary layer, as the outer layer mostly consists of unmixed fluid of the boundary layer advected into the wake. This is manifested with the increase in magnitude and frequency of the ejection events at larger distances from the wake centreline in figure 9(g-i) . Yet, the quadrant analysis does not reveal the properties of vortical structures responsible for the sweeps and ejections. Questions about the specific eddy motion (vortex structure) behind the sweep events require quantitative three-dimensional visualization of the flow field, which will be addressed in § 4.
The effect of suddenly removing the no-slip condition after the trailing edge can be compared to the experiment of Hamelin & Alving (1996) , who investigated the development of the turbulent boundary layer after sudden removal of the inner layer using a moving-wall apparatus. In both cases the term u 2 rapidly decreases from the wall vicinity, which is due to the recovery of the inner layer deficit. However, the permeable boundary condition along the wake centreline results in an increase of v 2 for the present experiment, whereas in the case of the moving wall only a small level of wall-normal fluctuation is maintained.
A rapid recovery of the wake velocity deficit has been observed in the developing wake region along with a high level of turbulent kinetic energy and Reynolds shear stress, indicating persistence of vortical activities into the wake region. The outer wake layer exhibits turbulent properties similar to the upstream turbulent boundary layer with dominant transport of turbulent kinetic energy towards the free stream via ejection events. As will be demonstrated in the next section, this behaviour is caused by the hairpin vortices, which also take part in the production of turbulence. The inner wake region may embed different vortical activities, as it exhibits an opposite transport of turbulent kinetic energy towards the wake centreline involving sweep events. These vortical structures are expected to follow self-similar behaviour and should grow with increasing distance from the trailing edge as suggested by the logarithmic trend of centreline velocity. The characterization of the topological 
FIGURE 9. Quadrant analysis within the boundary layer and the wake: within the boundary layer at s/θ 0 = −12 and wall-normal locations of (a) n/θ 0 = 1.1, (b) n/θ 0 = 2.9 and (c) n/θ 0 = 4.7; along the wake centreline at streamwise locations of (d) x/θ 0 = 0.3, (e) x/θ 0 = 3.5 and (f ) x/θ 0 = 11.7; and perpendicular to the wake centreline at x/θ 0 = 11.7 and (g) y/θ 0 = 0.6, (h) y/θ 0 = 2.9 and (i) y/θ 0 = 4.7. The dashed lines in (a) and (e) emphasize the dominant quadrant event within the turbulent boundary layer and the subsequent wake, respectively.
properties along with the dynamic behaviour of these vortices is accomplished in § 4.2 using the three-dimensional visualization of Tomo-PIV.
Unsteady flow organization 4.1. Turbulent boundary layer
The three-dimensional organization of the low-and high-speed streaks, ejection and sweep events, and the vortical structures within the boundary layer prior to the trailing edge is characterized using Tomo-PIV across 0.15-0.8 δ 99 of the boundary layer thickness (volume I of figure 2) as the necessary first step in studying their subsequent evolution into the wake region. Their organization is evaluated with respect to the typical structures observed in a zero-pressure-gradient boundary layer (Robin 1991) .
The low-and high-speed streaks are identified as negative and positive u perturbations of u/U ∞ = ±0.1 strength elongated alternately in the streamwise direction of figure 10(a) . The low-speed streaks originally develop in the viscous S. Ghaemi and F. Scarano sublayer (< 10 + ) and are lifted into the logarithmic region through the ejection process induced by the hairpins and the quasi-streamwise vortices (Smith & Metzler 1983) . They are observed to have an approximate width of 2.2θ 0 (100 + ) at n/θ 0 = 2 (100 + ) within the log layer and are separated by high-speed streaks of similar width agreeing with the 100 + streak spacing recorded in the previous literature (Robin 1991) . The streamwise extent of these structures cannot be evaluated with the current experimental configuration, as they have a meandering path that extends beyond the dimension of the FOV. The strength of the low-and high-speed streaks and its variation in the streamwise direction is investigated in § 5. The visualization of figure 10(a) confirms the presence of both high-and low-speed streaks in the immediate upstream region of the trailing edge.
The majority of the vortical structures surround the low-speed streaks (figure 10b) due to their mutual interaction through the lift-up process. The region of the highspeed streaks is relatively depleted of significant vortical activity. The vortices partially surround the low-speed streaks, while the high-speed streaks are located on the two spanwise sides. The visualized vortex filaments are observed to have a radius of about 0.5θ 0 (25 + ) based on an iso-surface of Q = 0.8 × 10 6 s −2
. The full hairpin vortex specified in the magnified view of figure 10(b) has a leg spacing of about 3θ 0 (140 + ) surrounding the low-speed streak. A complete and undistorted hairpin vortex consisting of a spanwise portion (head) connected to two similar quasi-streamwise portions (legs) as identified here does not frequently form. However, its derivatives, such as streamwise or spanwise portions, are more commonly observed in a turbulent boundary layer (Guezennec, Piomelli & Kim 1989) . Samples of a leg and a cane (combination of a leg and a head) vortex are also identified in figure 10(b) . The hairpin vortex and its derivatives may appear close together in a packet forming LSMs of a turbulent boundary layer (Adrian et al. 2000) , which is also shown in figure 10(b) .
The relation between the ejection and sweep events and the hairpin category of vortical structures is studied by identifying the ejection and sweep events in the magnified views of figure 10(b). The ejection events are identified here as iso-surfaces of −uv/U 2 ∞ = 0.0026 provided that the conditions u < 0 and v > 0 are respected. The opposing sweep event (u < 0 and v < 0) is identified by the half-strength of −uv/U 2 ∞ = 0.0013, as they are weaker events. In a turbulent boundary layer, the ejections are stronger since they are generated by focused induction surrounded by a complete or portions of a hairpin vortex, while the sweep events tend to be weaker as they are unfocused induction on the outer boundaries of the hairpin vortices (Adrian 2007) . The curvature around the head of the hairpin vortex aids in focusing the flow in the inboard region, making the ejection stronger than the sweep event. This feature also makes the ejection produced by a hairpin and a cane shape vortex stronger than that of an isolated leg.
A time sequence of the development of coherent structures prior to the trailing edge is shown in supplementary movie 1 available at journals.cambridge.org/flm. The movie is obtained by 10 times increase of the temporal resolution of the original measurement from 2700 to 27000 Hz using the advection equation (Scarano & Moore 2011) . The observed unsteady organization of coherent structures within the wallbounded region prior to the trailing edge adapts to the new slip-free permeable boundary condition along the wake centreline as investigated in the next subsection.
The kinematic features of the hairpin vortex are educed from an ensemble average of the detected structures using the pattern recognition algorithm described in § 2.4. The resulting vortex is described using an iso-surface of Q = 0.5 × 10 . Also shown are magnified details of a hairpin packet, a full hairpin, and leg and cane vortices. Ejection (grey/mid grey) and sweep (yellow/light grey) events are specified at −uv/U S. Ghaemi and F. Scarano figure 11, demonstrating a hairpin shape vortex with leg spacing of 2.2θ 0 (100 + ) and height of 2θ 0 (95 + ). The vortex is also inclined at 60
• angle relative to the free stream direction, which is slightly higher than the characteristic 45
• inclination observed within zero-pressure-gradient boundary layers (Theodorsen 1952; Head & Bandyopadhyay 1981) due to the flow curvature and the adverse pressure gradient in the vicinity of the trailing edge. The result of the ensemble averaging procedure exhibits slightly lower values of the peak vorticity as well as of Q. This is ascribed to macroscopic fluctuations (legs tilting or mutual shift), which cannot be accounted for by a simple alignment procedure. As a result, the display of the educed vortex is based on a value of Q in figure 11 that is 60 % less than that of figure 10. The flow pattern induced by the hairpin vortex is illustrated by streamlines relative to the local advection velocity of the flow (Scarano 1999; Adrian et al. 2000) . The ejection event is induced at the centroid of the vortex lifting up the low-speed streak and near-wall vorticity, resulting in more homogeneous distribution of vorticity (Adrian 2007) . The centroid of the ejection event is close to the vortex head, demonstrating the effect of vortex curvature on the formation of a focused induction. The sweep event is observed in the outbound part of the hairpin vortex, which transports the high-speed fluid towards the wall, balancing the mass conservation in relation to the ejection event. The sweep event is visualized using −uv/U 2 ∞ = 0.0002, which is 20 times weaker than the typical value observed in ejections whereby −uv/U 2 ∞ = 0.004. The strength of the sweep event is also an order of magnitude less than that of the instantaneous samples of figure 10, which shows the high irregularity of the sweep region in the outbound part of the instantaneous hairpin vortices. A portion of the sweep event occurs at the outer sides of the two vortex legs coinciding with the neighbouring high-speed streaks. The rest of the sweep event occurs at the outbound region of the vortex head above the low-speed streak. The resulting alternate ejection and sweep feature along a low-speed streak is known as a variable-interval time-averaging (VITA) condition, and has been used to detect hairpin vortices from single-point measurement signals (Wallace, Brodkey & Eckelmann 1997) .
Turbulent wake
The Tomo-PIV visualization of the wake region (volume II of figure 2) demonstrates that the disappearance of the solid wall does not immediately affect the organization of the low-and high-speed streaks and they persist into the wake region as observed in figure 12 . The low-and high-speed streaks exhibit an average thickness and spacing of 2.2θ 0 (100 + ) similar to the conditions prior to the trailing edge. Similar to the upstream turbulent boundary layer, the streaks meander and extend beyond the measurement field in the streamwise direction. The hydrogen bubble visualization of Haji-Haidari & Smith (1988) also confirmed the existence of low-speed streaks with a spacing of 100 + in the immediate wake region. They have also observed that the low-speed streaks become weaker and less coherent with increasing distance from the trailing edge. This will be discussed further based on statistical evidence in § 5, where the mitigation of the streaks is ascribed to the diminished viscous sublayer and the recovery process of the wake, which tends towards the homogeneous state of the far wake.
The vortical structures on the free stream side of the low-and high-speed streaks also show a gradual response to the disappearance of the solid wall and similar organization as the upstream turbulent boundary layer. The high-speed streak of figure 13(a) shows lower vortical activity relative to the low-speed streak at the free stream interface. There are only vortical structures on the two spanwise sides of the high-speed streak as they are in contact with neighbouring low-speed streaks due to the alternate arrangement of the high-and low-speed streaks. On the other hand, the free stream side of the low-speed streaks of figure 13(b) is populated with hairpin structures consisting of spanwise vortices with ω z < 0 connected to quasi-streamwise (red/dark grey) on the free stream side of (a) high-speed (green/light grey) and (b) low-speed (blue/mid grey) streaks of the wake region of u/U ∞ = 0.1 and −0.1 strength, respectively.
vortices at the sides of the low-speed streak inducing a focused ejection event. The accumulation of vortical activities around the low-speed streaks is due to the lift-up process of the coherent vorticity generated at the near-wall region by the ejection events. The high-speed streaks are formed by the sweeps of the high-velocity flow from the upper layers of the boundary layer that contains a low vorticity level.
The persistence of the hairpin vortices into the wake region agrees well with previous observations in the literature remarking upon the negligible change in the statistical and visual characteristics of the outer region of the turbulent boundary layer upon passage over the trailing edge (Robinson 1969; Haji-Haidari & Smith 1988) . In general, the outer layer of a turbulent boundary layer responds gradually to changes in the surface boundary condition such as roughness modification, as observed by Townsend (1965 Townsend ( , 1966 . The hairpin vortices are not significantly altered for some distance downstream and persist into the wake region as long as the low-speed streaks exist (see figure 13b) . A reduction in the intensity of these vortical activities is observed as the low-speed streaks become weaker with increasing distance from the trailing edge. The ejection event induced by the hairpin vortices of the wake region erupts the low-speed fluid away from the centreline towards the free stream interface. The ejections promote the mixing process within the wake region and also widen the wake with increase of the streamwise direction. The larger hairpins form bulges at the wake interface and interact with the free stream.
The sudden disappearance of the solid wall adds another degree of interaction between the low-and high-speed streaks. Those arriving from the turbulent boundary layers of the two sides of the trailing edge can also interact and form vortical structures. The uncorrelated turbulent fluctuations of the two boundary layers before the trailing edge result in three possible combinations of high-high (HH), low-low (LL) and low-high (LH) speed streaks in the xy plane, as shown in figure 14 . Other arrangements based on partial neighbouring can also occur, but they are less significant and may be regarded as combinations of the above. The streaks of LL and HH combinations have merged along the centreline and there is no distinguishable interface between them. Both of these combinations show least vortical activity along their interface, as they possess minimum velocity difference in this region. On the other hand, the LH arrangement shows significant vortical activity at the streak interface along the centreline. The nature of these vortical activities is scrutinized in figure 15 in which a three-dimensional representation of the high-speed streak and the surrounding vortical structures of the LH cross-section of figure 14(c) is illustrated.
It is observed that the spanwise rolls of ω z vorticity at the wake centreline between the high-and low-speed streaks of figure 15 are further extended by quasi-streamwise vortices forming U-shaped structures. These vortical structures are introduced here as counter-hairpin vortices and are oriented in an opposite direction with respect to the hairpin vortices, since the spanwise part (vortex head) is at the low-velocity region of the mean velocity profile while the quasi-streamwise parts (the legs) are stretched away. The inclination of the legs to the mean flow in the xy plane suggests that these structures are strain-dominated. The spanwise portion of counter-hairpins has the same vorticity direction as that of the hairpin vortices (ω z < 0), making it rather difficult to distinguish them with the pointwise or even planar measurements of the previous investigations. The visualization at the right-hand side of figure 15 shows that the counter-hairpin vortices induce a focused sweep event while a weak ejection region covers the outbound part of the vortices. Andreopoulos & Bradshaw (1980) have previously observed occasional positive u fluctuations at the edge of the inner wake and speculated those to be the result of the inward motion of the outer-region fluid towards the wake centreline. Later Haji-Haidari & Smith (1988) compared this inward-moving fluid to sweep events of a turbulent boundary layer and associated them to streamwise vortices inducing non-periodic inrushes of the outer fluid towards the wake centreline. However, the spanwise portions of these vortices have escaped hydrogen bubble visualization and the complete vortex structure could not be identified. Furthermore, figure 14 shows that the inrushes of fluid towards the wake centreline cannot be assimilated to the sweep events of a turbulent boundary layer. Instead, the induction mechanism resembles that of ejection events, with proper inversion of properties, as they are both focused events. The sweep events generated by the counter-hairpin vortices act in the reverse direction of the ejection event induced by hairpin vortices but with similar strength. The other distinguishing feature of the counter-hairpins is that they surround the high-speed streaks, contrary to the hairpin vortices. The counter-hairpin vortices generate sweeps of the high-speed fluid within the wake towards the centreline, promoting the recovery of the wake deficit. The sweep events also result in bulges on the interface of low-and high-speed streaks along the wake centreline, which results in the wavy nature of the wake inner layer as characterized by Andreopoulos & Bradshaw (1980) . The vortical structures within the wake region can be distinguished from those of the boundary layer by their accumulation around the high-speed streaks. This is observed in the instantaneous Tomo-PIV snapshot of figure 16 in which a significant number of vortices are observed partially wrapped around the high-speed streaks. Two samples of counter-hairpin vortices are also specified with a pronounced U-shaped structure, with the spanwise section close to the wake centreline. The magnified views also demonstrate the embedded sweep event in the centroid of these vortices, while the surrounding ejection event appears irregular and weak. Further scrutiny of the Tomo-PIV snapshots of the wake region shows that the probability of occurrence of a complete counter-hairpin as shown in figure 16 is relatively low. Similar to the hairpin vortices of a turbulent boundary layer, the derivatives such as cane or leg shape vortices are more frequent. Samples of full hairpins and the derivatives (leg and cane vortices) are shown in figure 17 . Different vortical shapes can be caused as a result of 342 S. Ghaemi and F. Scarano non-uniform stretching, partial tearing, cutting and connecting (Adrian 2007) . However, these derivatives can be categorized as counter-hairpins as long as they contribute to the same transport phenomenon by sharing an induction of a strong focused sweep while locating on a high-speed streak. This is the case for complete hairpins and the canes, while the legs are shared in the spanwise interface of a low-and highspeed streak and can induce sweep or ejection of similar strength depending on their curvature. Therefore, the legs are shared between the hairpin and counter-hairpin signatures and promote spanwise mixing. The existence of different derivatives of the counter-hairpins makes their characterization difficult and necessitates a systematic eduction of their features using the described pattern recognition algorithm.
The ensemble-averaged counter-hairpin vortex is shown by the iso-surface of Q = 0.5 × 10 6 s −2 in figure 18 . The analysis confirms the existence of counter-hairpin vortices in the wake region in a large realization set and demonstrates the mean kinematic features of the vortex structure. In general, the ensemble average of hairpins or horseshoe-like vortices can suffer due to distortion caused by unequal spanwise leg spacing, asymmetry in spanwise direction, unequal strength of the two legs, relative shift of the legs in the streamwise direction, and diffusion (Hayakawa & Hussain 1989 ). When the above effects are important, the ensemble-averaged structure will be affected. In the present case, these effects are minimized (figure 18) by using a high threshold level in the pattern recognition algorithm, therefore rejecting the ) and high-speed streaks (green/pale grey, u/U ∞ = 0.1) within the wake region. The magnified views show two samples of counter-hairpin vortices along with the sweep (yellow/pale grey) and ejection (mid-grey) events identified at −uv/U 2 ∞ = 0.003 and 0.0015 levels, respectively. A time sequence of the development of coherent structures in the wake region is available in supplementary movie 2. most distorted counter-hairpin structures. The average counter-hairpin has a height and leg spacing of 2θ 0 (95 + ). The dimensions are close to those of the average hairpin vortex of figure 11 because they are imposed by the width and height of the lowand high-speed streaks, which do not change considerably in the developing wake region. The inclination angle is 60
• with respect to the streamwise direction following a strain-dominated orientation. A focused sweep of the fluid is shown following the streamlines. The streamlines demonstrate higher curvature around the spanwise portion of the vortex due to the higher vorticity of this region. The sweep event is identified with an iso-surface of −uv/U 2 ∞ = 0.004 showing a focused sweep of high-speed flow at the centroid of the counter-hairpin vortex. The ejection event is visualized at 20 times lower strength (−uv/U 2 ∞ = 0.0002) relative to the sweep event and covers the outbound region of the vortex.
Spatio-temporal development of coherent structures
The temporal description of the dynamical phenomena occurring in the vicinity of the trailing edge is obtained by time-resolved Tomo-PIV. The evolution of the low-and high-speed streaks and the hairpin structures is initially investigated. The formation of the counter-hairpin vortices is also discussed through the interaction of the turbulent streams from the two sides of the aerofoil. , while the sweep (yellow/pale grey) and ejection (mid-grey) are identified at −uv/U 2 ∞ = 0.003 and 0.0015, respectively.
Low-and high-speed streaks
The variation in the strength of the low-and high-speed streaks in the vicinity of the trailing edge is ascribed to the interaction with the hairpins and counter-hairpins, which act oppositely to each other. The strength of the low-and high-speed streaks is evaluated by averaging the positive and negative u fluctuations along the streamwise direction. A threshold of u/U ∞ > 0.05 and u/U ∞ < −0.05 is selected to ensure that the averaging is conducted over coherent structures of the flow. The low-speed streaks are observed to be stronger than the high-speed streaks upstream of the trailing edge as observed in figure 19 . An increase in the strength of both low-and high-speed streaks is observed as flow approaches the trailing edge, but this rate is slightly higher for the high-speed streaks. The intensification of the low-speed streaks is associated to higher lift-up rate of the viscous sublayer due to increase in the boundary layer thickness prior to the trailing edge. The strengthening of the low-speed streaks is accompanied by higher vortical activities and consequently the formation of strong high-speed streaks. It is also observed that the disappearance of the trailing edge immediately affects the strength of the low-speed streaks and their growth rate rapidly terminates at x/θ 0 = 0. However, it requires a longer time till it considerably affects the organization of the structures in the wake region. A similar maximum in the growth rate of the high-speed streaks is observed after 5θ 0 delay, indicating that they are indirectly influenced by the disappearance of the solid wall. After the trailing edge, the strength of the high-speed streaks is observed to decline at a lower rate in comparison to the low-speed streaks. The lower decay rate of the high-speed streaks is 346 S. Ghaemi and F. Scarano due to initiation of the counter-hairpin vortical activities immediately after the trailing edge opposing their decay by forming packets of sweep events promoting coherent regions of u > 0.
Hairpin vortices
The transport of the hairpin vortices from the boundary layer into the wake region does not significantly affect the evolution of the hairpin vortices as shown in figure 20 . The left panel shows 1.5 × 10 −3 s of the life span for a hairpin vortex within the boundary layer prior to the trailing edge. At the first frame (t 1 ), a cane vortex consisting of a spanwise portion (head) and a quasi-streamwise portion (leg) is observed. The vortex draws vorticity from the shear flow and grows as it moves downstream, forming a complete hairpin in the second frame (t 2 ), which is 370 µs later. In the next frames the vortex is further stretched, resulting in gradual rupture of the left leg. The onset of instability visualized at frame t 4 is unique, as the previous visualizations using Tomo-PIV were based on linear stochastic estimation and only the effect of diffusion is observed (Elsinga 2008) . In the last frame (t 5 ), the vortex is broken into smaller parts, which will be subject to further attenuation by diffusion. This growth mechanism of horse-shoe vortices by continuously drawing vorticity from the mean flow has already been proposed by Perry & Chong (1982) , which leads to a hierarchy of hairpin size and a logarithmic profile of the mean flow.
The vortex in the right-hand panel of figure 20 has initiated after the trailing edge in the wake region and grows within the visualized time span of 1.5 × 10 −3 s. The persistence of this hairpin structure into the wake region is due to the continuation of the low-speed streaks in this region, as shown in figure 12 . However, at the downstream edge of the measurement volume where the low-speed streaks are weaker, hairpin vortices are observed to occur less frequently. The investigation shows that the growth of the hairpin vortices occurs in the developing wake region similar to that of a turbulent boundary layer in spite of the ongoing mitigation process of the low-speed streaks.
A generation mechanics for counter-hairpin vortices
In the previous section, the counter-hairpin vortices have been detected along the wake centreline at the interface between a low-and a high-speed streak, suggesting that the formation mechanism is based on the existence of a sufficiently sheared region. The counter-hairpin partially surrounds a high-speed streak (green/light grey), while it is surrounded by low-speed streaks (blue/dark grey) from three sides.
The high-speed streak of the wake region, similar to those of the turbulent boundary layer, is adjacent to low-speed streaks in the spanwise direction, which ensures the existence of enough shear to supply the legs of the counter-hairpin vortices. However, the spanwise section of the counter-hairpin vortex also depends on the existence of a velocity difference at the wake centreline. Investigation of the Tomo-PIV snapshots shows that this condition of velocity difference can be met by the simultaneous arrival of a high-and a low-speed streak from the two sides of the trailing edge. The cross-sectional view of figure 21 shows the u fluctuation in a yz plane crossing through a counter-hairpin vortex in the wake region. The high-speed streak embedded in the centroid of the counter-hairpin vortex is in contact with a low-speed streak on the other side of the centreline, while it is also surrounded by two low-speed streaks on the spanwise sides. As a result, the contact with highly sheared regions from three sides promotes the formation of a counter-hairpin vortex involving intense vortex stretching, as detailed below. In order to further evaluate the formation of the spanwise portion of the counterhairpin vortices as a result of shear along the wake centreline, the strength of the detected vortex cores is plotted versus instantaneous shear along the wake centreline. The vortex cores are identified using signed swirling strength λ s = λ ci (ω z /|ω z |) following Tomkins & Adrian (2003) to account also for the direction of rotation. The high shear at the centreline is caused by the simultaneous arrival of a low-and a high-speed streak from the two sides of the trailing edge. Therefore, the shear is evaluated by the velocity difference, u, averaged over two lines at y/θ 0 = ±1 distance from the centreline extending from x/θ 0 = 0 to 12. The velocity difference u is considered as the velocity of the upper line (y > 0) minus that of the lower line (y < 0). The results are plotted in figure 21 , confirming that the two adjacent low-and high-speed streaks on the opposite sides of the wake centreline cause the formation of vortex cores with rotation in the direction of the mean shear. Following the discussed counter-hairpin paradigm, these vortex cores are the spanwise portions of counter-hairpin vortices or their derivatives.
A time sequence of the formation mechanism of a counter-hairpin vortex is shown in figure 23 . The first cross-section at t 0 corresponds to a location upstream of the trailing edge at s/θ 0 = −5 where two quasi-streamwise vortices (hairpin legs) are observed on the two sides of a high-speed streak. These quasi-streamwise vortices belong to the neighbouring low-speed streaks according to the hairpin vortex signature (Adrian et al. 2000) . At t = t 0 + 370 µs corresponding to x/θ 0 = 3 after the trailing edge, the quasi-streamwise vortices start to connected by a spanwise portion (head of the counter-hairpin). A velocity difference along the centreline as a result of the occurrence of a low-and high-speed streak on the two sides of the centreline is required to form the spanwise vortex. At this moment, the vortex is highly distorted as the legs arrive at the trailing edge with slight delay and different orientations. The head and the two legs further unify at a downstream location of x/θ 0 = 12 corresponding to t = t 0 + 4 × 370 µs and form a more regular counter-hairpin shape. Based on this evidence, the formation mechanism of counter-hairpin vortices is realized by connection between two quasi-streamwise vortices advected into the wake from the upstream turbulent boundary layer. The connection is a spanwise vortex in the vicinity of the centreline formed by the shear resulting from a low-speed flow on the other side of the wake centreline. It is also possible that the quasi-streamwise vortices initiate in the wake and later connect by a spanwise vortex. The ensemble-averaged vortex of figure 18 provides the feasibility to study the rate of change of vorticity on a statistical basis. The rate of change of vorticity for a flow of constant density is expressed by the vorticity transport equation
where ω and U are the vorticity and velocity vectors in three-dimensional space. The first term on the right-hand side of this equation shows the rate of change of vorticity due to stretching and tilting of a vortex line. Following Kundu & Cohen (2004) , the tilting and stretching components can be decomposed by considering an intrinsic coordinate system s-n, where s is tangent to the vortex line and n points towards the velocity component normal to the vortex line, as shown in figure 24(a) . This choice of coordinate system results in ω ·i n = 0 and ω ·i s = ω, where i s and i n are the unit vectors in the tangential and normal directions, respectively. In this system of coordinates, the stretching-tilting term decomposes into
where U s and U n are the tangent and normal components of the velocity vector, respectively. The vorticity magnitude (ω) and the ∂U s /∂s and ∂U n /∂s terms are plotted in figure 24(b) along the specified vortex line of figure 24(a). The vorticity is slightly higher at the legs of the counter-hairpin vortex (l/θ 0 = ±1.5), but its variation along the vortex line is rather small. The ∂U s /∂s term shows intensification of vorticity due to positive stretching of the vortex line as a result of angular momentum conservation. The vortex stretching peaks around the head region of the counterhairpin (l/θ 0 = 0), causing a local vorticity increase and reduction of the vortex width. The latter can result in increased viscous diffusion υ∇ 2 ω. The tilting term ∂U n /∂s is comparatively smaller and exhibits two peaks (positive and negative) at the neck regions (l/θ 0 = ±0.5), which is known to be associated with the onset of vortex breakdown (Darmofal 1993) . Also, the time sequence visualization of figure 20 suggests the onset of vortex breakdown around the neck regions, agreeing well with the position where the peak tilting motion is observed.
Summary and discussion
The wake of a sharp symmetric trailing edge is a mixing region between boundary layers arriving from the two sides of the trailing edge. The turbulent mechanism within the wake has similarities and differences with respect to its upstream boundary layer. The solid wall introduces a region of low velocity and high vorticity in a turbulent boundary layer, which is further transported away by the mixing process, and consequently boundary layer thickness increases. On the other hand, the turbulent mixing process within the wake region is redirected towards the recovery of the wake deficit (see figure 6a ) via transport of high-velocity fluid towards the wake centreline (Chevray & Kovasznay 1969) . The change in the net direction of turbulent transport after the trailing edge was shown in the profiles of the triple products within the turbulent boundary layer and the subsequent wake in figure 8(a,b) . This mixing process also results in gradual growth of the wake thickness (Andreopoulos & Bradshaw 1980) .
The low-curvature streamlines in the vicinity of a sharp trailing edge avoid the formation of large-scale structures within the wake region and the mixing process is conducted by small-scale vortices. This small-scale mixing of the inner layer has been described as consisting of inrushes of high-speed fluid from the outer layers towards the wake centreline followed by the eruption of low-speed flow away from the centreline (Haji-Haidari & Smith 1988) . The inrushes dominate the eruptions as the net momentum transport is towards the wake centreline. The quadrant analysis of figure 9(d-f ) clearly demonstrated that, along the wake centreline, the sweeps are stronger than the ejections and result in higher uv correlation. The previous investigations by Haji-Haidari & Smith (1988) has conjectured that these events are similar to those of the turbulent boundary layer. However, the investigations of this work have shown that different vortical structures perform the so-called ejections away from the centreline and the inrushes (or sweeps) of high-speed flow towards the wake centreline.
The ejection events have been demonstrated to be performed in the developing wake region by a focused induction of low-speed flow away from the centreline through a hairpin-type vortex similar to a turbulent boundary layer. A schematic illustration of the hairpin vortices in the boundary layer and the wake is shown in figure 25 . The hairpin vortices persist in the wake region as long as the low-speed streaks continue to exist. The spanwise portion of the largest hairpin vortices forms the interface of the wake with the free stream, causing occasional eruption of low-speed fluid towards the free stream. These eruptions dominate the mixing process in the outer layer of the wake and result in gradual increase of the wake thickness. The hairpin vortex also generates a sweep events around itself; however, it is weak and does not make a significant contribution to the inrushes of high-speed flow towards the wake centreline.
Investigation of Tomo-PIV snapshots of the wake region revealed that the sweeps of fluid towards the centreline are generated by counter-hairpin vortices as shown in the conceptual scheme of figure 25. These vortices are topologically and functionally opposite to the hairpin vortices. They consist of a spanwise vortex (head) close to the wake centreline connected to two quasi-streamwise vortices (legs) that are stretched away at 60
• with respect to the streamwise direction as shown in figure 18 . The counter-hairpin vortices enclose the high-speed streaks and embed a focused sweep event transporting the high-speed fluid towards the wake centreline. The sweep events result in bulges of high-speed fluid intruding into the other side of the wake centreline, forming the wavy nature of the wake inner layer as observed by Andreopoulos & Bradshaw (1980) . There is also a weak ejection event at the outbound region of the counter-hairpin vortex.
The counter-hairpin vortices have not been observed in the turbulent boundary layer prior to the trailing edge and they are limited to the wake region (see figure 10 for the vortical structures within the boundary layer and figure 16 for the vortical structures of the wake region). The time-resolved Tomo-PIV snapshots demonstrate that the legs of the counter-hairpin vortices can originate upstream of the trailing edge where they interact with the low-speed streaks. The legs may connect after passing over the trailing edge by a spanwise vortex if there exists enough shear along the wake centreline. The presence of the high-shear region becomes viable by the disappearance of the wall and simultaneous arrival of a low-and a high-speed streak from the two sides of the trailing edge. This formation mechanism of counter-hairpin vortices was depicted in the time sequence of Tomo-PIV snapshots in figure 23 . Therefore, the necessary shear to support a counter-hairpin vortex (enclose a high-speed streak) is provided by two low-speed streaks at the spanwise sides and a low-speed streak on the centreline side (see figure 21) . A similar condition also applies to the hairpin vortex of a turbulent boundary layer, as the vortex encloses a low-speed streak and the high-shear regions at the three sides is provided by two high-speed streaks on the 352 S. Ghaemi and F. Scarano spanwise sides and a zone of higher momentum above it (Meinhart & Adrian 1995; Adrian et al. 2000) .
The appearance of the counter-hairpin vortices should be considered as an adaptation of the flow structures of the turbulent boundary layer to the unbounded condition of the wake. As observed in the quadrant analysis, both ejection and sweep events exist in the turbulent boundary layer due to the conservation of mass. However, the unfocused sweep events within the turbulent boundary layer that are induced by adjacent legs of the hairpin vortices become focused inductions in the wake region as a result of the formation of counter-hairpin vortices. Although there is an accumulation of vorticity at the lower side of the high-speed streaks within the turbulent boundary layer, the legs of the hairpins are not expected to connect as the existence of the wall and the high viscosity level prevents any roll-up of the vortex structures. After the trailing edge, the unbounded condition allows roll-up of vorticity and formation of spanwise vortex structures, which subsequently form the introduced counter-hairpins.
The introduced counter-hairpin paradigm along with the hairpin vortices and the lowand high-speed streaks satisfy the conditions previously mentioned in the introduction:
(i) The similarities in the statistical quantities such as mean and fluctuating velocity before and after the trailing edge are due to the persistence of similar structures, i.e. the low-and high-speed streaks and the hairpin vortices, into the wake region.
In addition, the counter-hairpin vortices, which only belong to the wake region, have the same dimensions as the hairpin vortices. (ii) The counter-hairpin vortices are the main contributor to the net transport of momentum towards the wake centreline and the recovery process of the wake deficit. Their activities distinguish the turbulent wake of a sharp trailing edge from the upstream turbulent boundary layer. (iii) Although the ejection events and their associated uv correlation gradually weakens by the mitigation of the low-speed streaks, the production of turbulence is kept at the same order of magnitude as that of the upstream turbulent boundary layer (see figure 7a ,b) by addition of the sweep events in the wake region. The sweep events induced by the counter-hairpin vortices result in a strong uv correlation and the production of turbulence in the wake region. (iv) Both the hairpins and the counter-hairpin structures have a hierarchy of size and strength due to their growth mechanism. They grow by absorbing vorticity from the mean shear. The size of these vortices can extend as large as the wake half-width, which explains the existence of self-similar structures with increase of length scale along the wake centreline. As the wake grows, both the largest hairpin and the counter-hairpin vortices scale with the wake half-thickness and result in the logarithmic behaviour observed in figure 6(b).
Conclusion
An experimental investigation has been performed using 2C-PIV and Tomo-PIV in order to study the evolution of the unsteady organization of coherent structures of a turbulent boundary layer as they travel over the sharp trailing edge of a NACA0012 aerofoil. A pattern recognition algorithm is also applied to establish the kinematic features of the vortical structures based on ensemble averages.
Investigation of turbulent transport demonstrated similar net direction of transport for the turbulent boundary layer and the outer wake. In both regions, ejection events are dominant and transport low-speed fluid towards the free stream. The solid wall prior to the trailing edge continuously supplies the ejection events with low-speed flow, while immediately after the trailing edge the low-speed streaks start to deteriorate with the disappearance of the viscous sublayer. The weakening of the low-speed streaks gradually affects the high-speed streaks and they also start to weaken at about 5θ 0 downstream of the trailing edge. The hairpin vortices that induce the ejection events continue to persist into the developing wake region, contributing to the mixing process and widening of the wake thickness.
The inner wake showed an opposite direction of net transport of turbulent fluctuations in comparison to the upstream boundary layer and the outer wake. The analysis of the triple products of turbulent fluctuations and the quadrant splitting of turbulent fluctuations confirmed that the net direction of transport of momentum and turbulent kinetic energy follows the sweep events towards the wake centreline. Tomo-PIV visualization of the wake region revealed that the sweep events are generated by vortices named here as counter-hairpin vortices. The counter-hairpin vortices are topologically similar to the hairpins but with an opposite orientation and function. The spanwise portion is located close to the wake centreline and the two attached quasistreamwise vortices are stretched outwards with 60
• angle with respect to the free stream direction. The counter-hairpin vortices partially surround the high-speed streaks, in contrast to the hairpin vortices that surround the low-speed streaks in a turbulent boundary layer. The centroid of a counter-hairpin vortex embeds a concentrated region of a sweep event, which transports the high-speed fluid and turbulent kinetic energy towards the wake centreline, promoting recovery of the wake deficit.
The formation mechanism of the counter-hairpin vortices has also been scrutinized using time-resolved Tomo-PIV visualizations. The investigations showed that the counter-hairpin vortices are formed as a result of the formation of spanwise vortices along the wake centreline upon disappearance of the solid wall. The sudden vanishing of the wall allows interaction of low-and high-speed streaks emerging from the two sides of the trailing edge, forming regions of high shear if a low-and high-speed streak appear on the two sides of the wake centreline.
